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Alpha rhythm, described by Hans Berger, is mainly recorded from the occipital cortex (OCC) of relaxed subjects with their eyes closed. 
Early studies indicated the thalamo‑cortical circuit as the origin of alpha rhythm. Recent works suggest an additional relationship 
between alpha rhythm and the Default Mode Network (DMN). We simultaneously recorded electroencephalography (EEG) and 
functional magnetic resonance imaging (fMRI) signals in 36 young males asked to alternately close and open their eyes in 30‑s blocks. 
Using an EEG source channel montage (the recorded signal was interpolated to designated source positions corresponding to certain 
brain regions) we found an alpha rhythm sub‑activity composed of its intrinsic events, called alpha bursting segments (ABS). More 
ABS were observed on source channels related to the DMN than those located over the OCC. Similarly, both the beamformer source 
analysis and fMRI indicated that the specific ABS activity detected on the posterior cingulate cortex/precuneus (PCC) source channel 
was less related to the OCC than to the DMN source channels. The fMRI analysis performed using the PCC‑ABS as a general linear 
model regressor indicated an increased blood oxygenation level‑dependent signal change in DMN nodes – precuneus and prefrontal 
cortex. These results confirm the OCC source of alpha activity and additional specific sources of ABS in the DMN. 
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INTRODUCTION
Alpha activity in human electroencephalography 
(EEG) has attracted considerable interest since it was 
first described by Berger (1929). It is widely accepted 
that activity within the alpha frequency band (8–13 Hz) 
appears in the occipital lobe(s) of awake, relaxed sub‑
jects with eyes‑closed and becomes attenuated when 
subjects open their eyes or exert mental effort (Berg‑
er 1929, Niedermeyer 2005). The latter phenomenon 
is called the “Berger effect,” and the preceding alpha 
oscillatory episodes in the EEG signal are often called 
“Berger waves” (Bazanova and Vernon 2014). 
In early animal studies, Bishop (1936) proposed 
that alpha rhythm originated from reverberating cor‑
tico‑thalamic activity. This hypothesis has been sup‑
ported by numerous animal studies that concluded 
that alpha oscillations are generated in the occipital 
cortex and the visual thalamus (Contreras and Steri‑
ade 1997, Moruzzi and Magoun 1949, Lopes da Silva 
et al. 1973, Lopes Da Silva and Storm Van Leeuwen 
1977, Steriade et al. 1993). However, we are still lack‑
ing clear evidence that findings from animal models 
can be directly applied to alpha oscillations recorded 
in humans. 
Simultaneous recordings of EEG and functional mag‑
netic resonance imaging (fMRI) signals have allowed 
for investigation of the neuronal correlates of Berg‑
er waves in humans with great temporal and spatial 
resolution. This approach was first used by Goldman 
and colleagues (2002) to study the generation of alpha 
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rhythm in subjects resting supine with eyes‑closed. 
These authors observed a correlation between an in‑
crease in occipital alpha power and a decrease in fMRI 
blood oxygenation level‑dependent (BOLD) signals in 
the occipital, superior temporal, inferior frontal, and 
cingulate cortices and with an increased hemodynamic 
response in the thalamus. Other EEG‑fMRI results sup‑
ported this finding (DiFrancesco et al. 2008, Feige et 
al. 2005, Liu 2012, Moosmann et al. 2003, de Munck et 
al. 2007, Tyvaert et al. 2008). Interestingly, some pub‑
lished results seemed to confirm increases (Ben‑Simon 
et al. 2008) or decreases (Goldman et al. 2002, Moos‑
mann et al. 2003) of the BOLD signal in anterior brain 
regions together with increases of alpha EEG activity 
in frontal recordings, but these relationships were not 
discussed in detail by the authors. 
The classical hypothesis assumes a thalamo‑occip‑
ital origin of the alpha rhythm (Goldman et al. 2002, 
Laufs et al. 2006, Lopes da Silva et al. 1973). Here we 
operationally term this type of alpha activity “occip‑
ital alpha”. Some authors have, however, postulated 
more diffuse sources of alpha activation across many 
distributed brain regions (Başar et al. 1997, Schür‑
mann et al. 2000). Likewise, the latest research sug‑
gests that alpha rhythm may be related to the default 
mode network (DMN) (Ben‑Simon et al. 2008, Mantini 
et al. 2007, Mo et al. 2013, Scheeringa et al. 2012, Zhan 
et al. 2014), here referred to as “DMN alpha”. This is 
interesting, in that although both alpha rhythm and 
the DMN are believed to reflect similar physiological 
states, the relationship between them is still ambi‑
gous. Finally, an interesting approach has been pre‑
sented by Bonnard and colleagues (2016) who stimu‑
lated main nodes of the DMN – the medial prefrontal 
cortex (mPFC) and, to some extent, the superior pa‑
rietal lobule (SPL) by transcranial magnetic stimula‑
tion (TMS) and demonstrated that both regions were 
involved in some kind of modulation of alpha rhythm.
Importantly, alpha activity is characterized by 
segments of stable frequency (Lansky et al. 1979). Ba‑
zanova and Vernon (2014) argued that the shape of 
these spindle‑form segments (Livanov 1984) should be 
considered an equally important parameter of alpha 
activity as its frequency or amplitude. Because these 
segments were postulated to play an important role 
in brain processing (Bazanova and Vernon 2014, Cole 
and Voytek 2017, Timofeev et al. 2002, Timofeev and 
Bazhenov 2005), we decided to analyze them in detail. 
Hereafter, they will be referred to as alpha bursting 
segments (ABS).
In the light of the latest findings, we reexamined 
Berger’s experiment (Berger 1929) – in search for ABS 
in two possible brain systems, the occipital network 
and the DMN.
METHODS
Subjects
Sixty young male adults were recruited for this 
study. They had no history of neuropsychiatric dis‑
orders or head injury. Subjects provided written in‑
formed consent prior to participation. The project was 
approved by the Ethics Committee of the Institute of 
Physiology and Pathology of Hearing and conformed 
to the Declaration of Helsinki for Medical Research In‑
volving Human Subjects. 
Data from nine subjects were excluded because 
their head movement exceeds 1.5 mm during the ex‑
periment. Additionally, 15 subjects were excluded 
from further analysis for several reasons based on vi‑
sual inspection of the data. Some subjects fell asleep 
during recording (they did not open their eyes during 
the “eyes‑open” condition, indicated by absence of 
blinking in EEG data), the EEG signal of others was 
distorted by non‑reducible artifacts, and six subjects 
had no noticeable alpha frequency peak in FFT anal‑
ysis (for more details see Anokhin et al. 1992). In the 
remaining group (n=36), the mean age was 27 years 
± 4 years and 2 months.
Handedness was assessed using the Edinburgh 
Handedness Inventory (Oldfield 1971), and there were 
17 right‑handed, 18 left‑handed, and 1 ambidextrous 
subjects. The handedness effect on EEG and FMRI re‑
sults was verified to be negligible in this subject group. 
Experimental design
The study was performed during morning hours 
between 8 a.m. and noon. Prior to the EEG‑fMRI exper‑
iment, all subjects were familiarized with the MR scan‑
ner environment. Before starting the fMRI session, we 
verified via an intercom that the subject felt comfort‑
able and was relaxed. NordicNeuroLab goggles and head‑
phones were used for visual and auditory stimulation, 
respectively. 
Our implementation of the Berger experiment was 
similar to that described by Ben‑Simon and colleagues 
(2008). Each subject was instructed to rest wake‑
fully while alternately keeping their eyes closed or 
open (30 s for each block). The study started with an 
eyes‑open block during which a black cross was cen‑
tered on a grey background. The subject was asked to 
relax with eyes‑open until the screen changed to black. 
After 30 s, a sound (a 0.5 s tone of 500 Hz, 80 dB) in‑
formed the subject to open his eyes, and the next block 
started. At the same time the screen for the eyes‑open 
condition appeared. These 2 block types were repeated 
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6 times, for a total of 12 blocks, resulting in approxi‑
mately 6 min of the total paradigm time. 
EEG signals: recording and preprocessing
EEG recordings were obtained using the Neuros‑
can SynAmpS system with a 64‑electrode (10/10 sys‑
tem) Maglink cap. Two bipolar electrodes (vertical 
electro‑oc ulogram, VEOG and electrocardiogram, ECG) 
were used for the purpose of artifact occurrence des‑
ignation. The skin to electrode (sintered Ag/AgCl) im‑
pedance was kept below 15 kΩ for all electrodes. The 
signal was recorded continuously with a 10‑kHz sam‑
pling rate. The clock synchronization between the MR 
scanner hardware and the EEG system was assured by 
a Neuroscan MRI/EEG Clock Synchronization Unit. 
During recording, the reference electrode was placed at 
CPz (recomputed afterwards to an average reference), 
and the FCz position was set as the ground electrode. 
We did not find any effect of the EEG equipment on 
fMRI outcomes during the quality assurance test.
Removal of fMRI gradient artifacts
The first step of the EEG signal analysis was removal 
of electrical artifacts induced by the MRI scanner gradi‑
ent coils. High‑voltage distortions caused by magnetic 
field fluctuations were removed by subtracting a mov‑
ing averaged artifact waveform (averaged artifact sam‑
ples=16) (Allen et al. 2000) based on the assumption that 
the subject did not move during registration (the max‑
imum movement registered for each subject was<1 mm 
during the whole session).
Reduction of balistocardiogram
The balistocardiogram (BCG) was another source 
of EEG signal distortions that needed to be minimized 
(Debener et al. 2008). A direct ECG signal was collect‑
ed with a bipolar ECG electrode placed on the sub‑
ject’s chest. We used a correlation‑based algorithm 
implemented in BESA Research 6.1 (BESA GmbH, 
Gräfelfing, Germany) software to find R peaks in the 
QRS complex detected at this electrode. Next, a glob‑
al‑averaged artifact signal was created. A principal 
component analysis (PCA) was then performed on the 
averaged signal. A number of components (4 to 6, de‑
pending on the subject) were selected to obtain the 
artifact topography and reduce the influence of the 
BCG on the signal using the adaptive spatial filtering 
approach described by Ille and collegues (2002) and 
implemented with BESA Research 6.1 software. This 
method of artifact filtering was similar to that de‑
scribed in our previous paper (Rusiniak et al. 2013). 
Finally, the EEG signal was filtered using a band‑pass 
filter (finite impulse response, FIR) with a zero‑phase 
shift, cut‑off frequencies at 1–20 Hz, 12 dB/oct slope, 
and re‑referenced to an average reference. In addi‑
tion, the data were resampled at 100 Hz to accelerate 
further computation.
Source channel montage and the ABS detection 
algorithm 
For the purpose of ABS detection one of the resting 
state montages, the ‘DMN with Noise Sources’ mon‑
tage, was used (see Fig. S1) as implemented in BESA 
Research 6.1. This source channel montage consisted 
of 12 regional source channels from which six source 
channels were selected for further analysis (black 
cir cles in Fig. S1): PCC, posterior cingulate cortex/
precuneus; mPFC, LAG left angular gyrus; RAG, right 
angular gyrus, LOCC, left occipital cortex, ROCC, right 
occipital cortex. First, four sources channels were lo‑
cated in brain regions that would explain the EEG ac‑
tivity related to the DMN and the last two were the 
so‑called noise sources that collected EEG activity in 
the occipital lobe that was not a part of the DMN. Each 
source channel was treated identically. The resulting 
data was exported to MATLAB. Because each regional 
source consisted of three dipoles with the same local‑
ization but orthogonal orientations, the main direc‑
tion was calculated using PCA for each regional source 
channel independently. The pre‑processed EEG signal 
was analyzed using an in‑house algorithm that auto‑
matically detected ABS. The general workflow of this 
algorithm is presented in Fig. 1 and shortly described 
below. Hereafter, we refer to ABS detected over a par‑
ticular source channel with a subscript (e.g. PCCABS for 
an ABS detected over the posterior cingulate cortex/
precuneus channel).
FFT computation and individual alpha frequency computation
We independently determined alpha frequency of al‑
pha activity for each subject and each source channel 
following the individual alpha peak frequency method 
described by Klimesch (1993) and Angelakis (2004) with 
their colleagues. The individual alpha frequency was 
based on independent calculations of fast Fourier trans‑
formations (FFTs) that encompassed all 30‑s‑long blocks 
of data where subjects had their eyes closed. Each FFT 
spectrum was smoothed using methods described by 
Garcia (2010). The frequency with the maximum ampli‑
tude in the FFT spectrum was further considered the in‑
dividual alpha frequency for the particular subject.
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Estimation of individual alpha wave amplitude
This step was used to complement the limitation of 
the FFT analysis which only decomposes the EEG signal 
into a sum of sinusoidal functions that are characterized 
by frequency, amplitude (or power) and phase. The peak 
amplitude of a particular frequency is not fully reflected 
in the spectral domain of a complex signal but is also de‑
termined by the neighboring frequency bands. Since ABS 
is a convolution of two frequencies a precise analysis of 
the ABS amplitude should be performed, preferably in 
the time domain. For this purpose, we created a six‑peri‑
od sinusoid template with frequency equal to individual 
alpha frequency. In cases when the alpha‑shaped seg‑
ment was longer than the template, the algorithm pro‑
duced several consecutive detections. 
For estimation of ABS amplitude the EEG signal was 
temporally filtered with a band‑pass filter (5–15 Hz). 
A cross‑correlation was then computed between the 
template and the signal. Next, we extracted segments 
of the EEG signal with the highest correlation coeffi‑
cients (>0.9). The absolute value of each segment’s ex‑
tremum was determined, and the 75th percentile of all 
resulting values was selected as the individual alpha 
amplitude.
Final computation of the ABS template
For the computation of the final ABS‑like template 
shape the sinusoidal template that was used for indi‑
vidual alpha amplitude estimation was convolved with 
a modulation (envelope) function: a sinusoid with a pe‑
riod equal to half of the template length and amplitude 
equal to individual alpha amplitude.
Raw EEG signals were filtered with a broad band‑pass 
filter (1–20 Hz) and a cross‑correlation analysis was 
performed again between the selected EEG source 
channel signals and the calculated ABS‑like template. 
Here the correlation coefficient threshold was set at 
0.75. The additional detection criterion was applied 
that the mean value of the amplitude module for each 
detected ABS is between 50% and 150% of the individual 
alpha amplitude. The algorithm produced a vector con‑
taining the exact starting time points of ABS on a given 
source channel.
ABS detection analysis 
A numerical statistical analysis was performed in 
IBM SPSS 24 online version (https://www.apponfly.com/
en/). A one‑way analysis of variance (ANOVA) with re‑
peated measurements was used to compare the effect of 
the source channel on individual alpha frequency and 
ABS detection throughout the whole EEG‑fMRI session. 
The Tukey post‑hoc analysis was performed to calculate 
the full ABS detection rate. 
We also performed a within‑subject analysis of cor‑
relation between regions assuming that events at two 
different regions are related if the time shift between 
them is not higher than ±100 ms (the 180o phase shift 
for frequency of 10 Hz). The correlation coefficients 
for each subject were averaged independently for all 
region pairs.
Additionally, the number of detected ABS within 
3 second long bins (an equivalent of the volume acquisi‑
tion time using fMRI sequence) was averaged across all 
subjects to show the dynamics of ABS activity. 
Source analysis of ABS
The multiple source linearly constrained mini‑
mum variance beamformer (Gross et al. 2001) was 
Fig.  1. Workflow of the alpha bursting segements (ABS) detection algo‑
rithm. The computation step searching for individual alpha frequency (IAF) 
is marked with green, the assessment of individual alpha amplitude (IAA) 
with yellow and the final computation part with blue.
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computed for each subject as implemented in BESA 
Research 6.1 using average referenced data after post‑
processing.
Prior to the source analysis a time‑frequency anal‑
ysis was performed. The EEG signal was epoched with 
respect to ABS start points. Each epoch interval started 
and ended 600 ms before and after the event marker. The 
beamformer analysis was performed for each subject 
and all ABS events obtained for the DMN source chan‑
nels (PCC, mPFC, LAG, RAG). LOCCABS and ROCCABS events 
were combined because of an insufficient number of oc‑
currences for a reliable beamformer computation. This 
result is hereinafter referred to as the occipital cortex 
ABS (OCCABS). 
The ABS time frequency window was defined, cover‑
ing the frequency range of 7–13 Hz and time range of 
50–350 ms. The baseline was defined in an interval from 
‑600 to ‑300 ms prior to the ABS marker. For source lo‑
calization, the standardized finite element method 
(FEM) model, as a realistic approximation for EEG, was 
used with default conductivity values approximated for 
adults (0.33 S/m for scalp and brain tissue, 0.0042 S/m 
for skull tissue, and 1.79 S/m for cerebrospinal fluid). 
A group statistical comparison of the beamformer 
findings was performed in BESA Statistics 2.0 using a 
one‑way ANOVA with repeated measurements. The ob‑
tained results were corrected for multiple comparisons 
using a non‑parametric permutation test with alpha 
cluster equal to 0.05 and 1000 permutations (corrected 
at P<0.001). 
fMRI image acquisition and analysis
To exclude subjects with brain pathology, standard 
T1 and T2 sequences were applied prior to function‑
al imaging on a 3T MR scanner (Siemens Magnetom 
Trio TIM). Then EEG recordings were acquired si‑
multaneously with fMRI data. A standard 12‑channel 
matrix head coil was used for radiofrequency (RF) 
signal reception. The fMRI data were obtained using 
a T2*‑weighted gradient echo‑planar imaging se‑
quence (repetition time 3000 ms, echo time 30 ms, flip 
angle 90°, image matrix 96 × 96, plane field of view 
192 × 192 mm), integrated parallel acquisition tech‑
niques factor=2 with 42 ascending slices [slice thick‑
ness: 3 mm, no gap] parallel to the axial plane. There 
were 120 volumes (plus three extra dummy scans for 
steady‑state magnetization) collected in the total 
scanning time of 6 min 11 s. A trigger signal was deliv‑
ered by the MR scanner to the EEG recording system 
at each RF pulse.
Fig. 2. The mean number of detected ABSs in consecutive scans (3‑s‑long periods equal to the repetition time (TR) the fMRI sequence) averaged across all 
36 participants. The ABS analysis was performed independently for each source channel. Note the increased number of ABS during the eyes‑closed blocks 
(brown horizontal lines). PCC, posterior cingulate cortex/precuneus; MPFC, medial prefrontal cortex, LAG left angular gyrus; RAG, right an gular gyrus, 
LOCC, left occipital cortex, ROCC, right occipital cortex.
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The fMRI signal analysis was performed using Sta‑
tistical Parametric Mapping software (SPM12, Well‑
come Trust Centre for Neuroimaging, London, UK) in 
MATLAB environment. Functional scans were prepro‑
cessed in the following steps: slice‑time correction, 
head motion detection and correction, direct normal‑
ization to the Montreal Neurological Institute (MNI) 
space using ICBM152 EPI images, and spatial smooth‑
ing with an 8‑mm Full Width at Half Maximum Gauss‑
ian kernel. The data were also filtered in the temporal 
domain with a typical high‑pass filter (128‑s cut‑off). 
The purpose of pre‑processing was to remove various 
kinds of artifacts in order to maximize sensitivity of 
the following statistical analysis. 
Since BOLD signal variance was dominated by fluc‑
tuations related to visual stimulation induced by the 
eyes‑open condition, a more complex statistical para‑
metric analysis was needed to reveal the ABS signal. 
Therefore, a general linear model (GLM) was created 
on the basis of a block‑design paradigm (the eyes‑open 
condition and the eyes‑closed condition) and extend‑
ed with event‑related responses using an ABS‑based 
vector (a separate GLM model for each ABS vector in‑
dependently). ABS occurrences were modeled with 
the duration of stimuli equal to 0 (stick‑function). The 
entire model was convolved with the canonical hemo‑
dynamic response function (HRF)‑double gamma func‑
tions, as implemented in the SPM12 package, to obtain 
final regressors for beta value calculation. Thus, our ap‑
proach to data modeling was similar to that presented 
by Ben‑Simon and colleagues (2008), except for a differ‑
ent calculation of the alpha activity regressor (ABS was 
used instead of Ben‑Simon’s instantaneous alpha ampli‑
tude). The ABS‑based regressor was compared with the 
eyes‑closed condition. This contrast was chosen because 
ABS occurred mainly during eye closure (Fig. 2) whereas 
activity in occipital cortex characterized visual arousal 
during eyes‑open. Contradicting regressor – eyes‑closed 
– introduced to GLM minimalized influence of visual in‑
put over fMRI data and allowed to verify whether ABS 
modulated brain activity also in the occipital area. Us‑
ing this regressor could, however, affect the sign of fMRI 
activity in OCC. This issue will be discussed further in 
discussion section. 
As this model did not fulfill the contrast orthogonal‑
ity criterion for statistical parametric mapping an ad‑
ditional verification step was performed – we used the 
same GLM computation as above, but ABS vectors were 
randomly assigned to subjects.
The analysis was repeated for each ABS‑based vec‑
tor (PCCABS, mPFCABS, LAGABS, RAGABS, LOCCABS, ROCCABS, 
and OCCABS). This produced 7 independent outcomes. 
As the last step of the fMRI analysis, we performed 
a paired t‑test comparing PCCABS and OCCABS. Here only 
ABS vectors were included in the GLM; the eyes‑open 
and eyes‑closed paradigm parameters were excluded to 
avoid beta deviation during model estimation.
All fMRI data analysis results, except for the paired 
t‑test, were reported with cluster‑level correction for 
multiple comparisons (P<0.05) after passing an uncor‑
rected threshold of P=0.001 (AlphaSim correction for 
multiple comparisons; Ward 2000) (the minimum clus‑
ter size was set to 177 voxels of 2 × 2 × 2 mm resulting 
in a volume of 1.416 cm3). The outcomes of the paired 
t‑test were reported with cluster‑level correction for 
multiple comparisons (P<0.05) after passing an uncor‑
rected threshold of P=0.005 (the minimum cluster size 
was set to 396 voxels of 2 × 2 × 2 mm resulting in a vol‑
ume of 3.168 cm3).
RESULTS
ABS detection 
ABS segments were mainly detected during the 
eyes‑closed state (Fig. 2). A post‑hoc analysis (Table I) 
showed that the mean number of ABS in LOCCABS and 
Table I. Difference between mean number (x̅) of ABSs on source channel pairs over 36 subjects (ANOVA’s Tukey post‑hoc analysis). Significant values are colored. 
PCCABS mPFCABS LAGABS RAGABS LOCCABS ROCCABS
PCCABS (x̅=75)
mPFCABS (x̅=86) ‑11.2
LAGABS (x̅=90) ‑15.8 ‑4.6
RAGABS (x̅=86) ‑11.5 ‑0.3 4.3
LOCCABS (x̅=60) 13.8 25* 29.6* 25.3*
ROCCABS (x̅=68) 6.6 17.9 22.4+ 18.1 ‑7.1
* significant result (P<0.05); + trend toward significance (P<0.08). 
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ROCCABS was much lower than in the DMN source chan‑
nels, with statistically significant differences demon‑
strated between mPFCABS and LOCCABS (mean difference 
(MD)=25, P<0.05), LAGABS and LOCCABS (MD=29.6, P<0.005) 
and RAGABS and LOCCABS (MD=25.3, P<0.05). This observa‑
tion was supported by ANOVA results showing a main 
effect of source channel for ABS detection (F5,210=4.059, 
P=0.002). Furthermore, inter subject correlation anal‑
ysis (Table II) indicated a highly significant correla‑
tion between ABS detection rates of two opposite lat‑
eral DMN regions: LAGABS and RAGABS (r=0.55, P<0.001) 
and between mPFCABS and LAGABS (r=0.35, P<0.05). ABS 
detection in regions that were not part of the DMN – 
LOCCABS and ROCCABS – were not correlated with any 
of the DMN regions, but correlated with one another 
(r=0.34,P<0.05). A weak correlation was observed be‑
tween PCCABS and mPFCABS (r=0.22) and mPFCABS and RA‑
GABS (r=0.28). There were no significant differences re‑
vealed between the selected source channels in terms 
of their individual alpha frequency (F5,210=0.21, P=0.96). 
EEG source analysis 
ABS activity occurred mainly during the eyes‑closed 
state (Fig. 2) and could not be differentiated from the 
occipital alpha rhythm by using only a typical frequen‑
cy analysis. We already noted some differences between 
detection rates but this finding was not enough to imply 
that occipital alpha rhythm differs substantially from 
the DMN alpha rhythm. 
A one‑way ANOVA with repeated measurements 
was used to compare the effect of the source channel 
on beamformer source analysis (Fig. 3). This analysis 
revealed a main effect (P<0.01) in parietal regions (red 
cluster in top row of Fig. 3). There was also a less pro‑
nounced but a still significant effect (P<0.05) revealed 
in the dorsal part of the frontal lobe (orange cluster in 
Fig. 3). Note that beamformer analysis revealed sources 
in occipital cortex for both PCCABS (Fig. 3, middle row) 
and OCCABS (Fig. 3, bottom row), but in parietal regions 
only sources related to PCCABS were present. A post‑hoc 
analysis showed that the outcome of the beamformer 
analysis for OCCABS was significantly different when 
compared to the beamformer computation obtained 
for PCCABS (P<0.05, Fig. 4). A post‑hoc analysis further‑
more demonstrated very small clusters of difference 
when PCCABS was compared with LAGABS and RAGABS. 
These results were provided as supplementary materi‑
als (Figs S2 and S3, respectively).
fMRI results
To further assess the neural correlates of ABS, fMRI 
data were analyzed using a model‑driven approach. We 
performed a GLM analysis of fMRI data using regres‑
sors derived from the two study conditions (eyes‑open 
and eyes‑closed) and temporal information of ABS 
occurrence obtained from EEG data (independently 
for all source channels – six plus one additional for 
combined LOCCABS and ROCCABS). The result for PCCABS 
is presented in Fig. 5 and the result for OCCABS is pre‑
sented in Fig. 6. 
Regions that exhibited a significant positive cor‑
relation (P<0.05 AlphaSim corrected for multiple com‑
parisons, after passing an uncorrected threshold of 
P=0.001) between the recorded BOLD signal and PCCABS 
were located in frontal, parieto‑medial, and occipi‑
tal clusters (Fig. 5, warm colors; Table SI). The fron‑
tal cluster included predominantly bilateral superior 
frontal gyri. The parieto‑medial cluster comprised 
the precuneus and posterior parts of the cingulate 
gyri. The occipital cluster mainly consisted of bilater‑
al areas including the calcarine fissures, lingual gyri, 
occipital gyri, fusiform gyri and cuneus. The frontal 
and parieto‑medial clusters revealed by the described 
analysis corresponded to two main nodes of the DMN 
Table II. Within subject correlation coefficients of ABS detection between source channels pairs averaged over 36 subjects. Significant values are colored.
PCCABS mPFCABS LAGABS RAGABS LOCCABS ROCCABS
PCCABS 
mPFCABS 0.22
LAGABS 0.14 0.35*
RAGABS 0.12 0.28 0.55**
LOCCABS 0.11 0.11 0.11 0.16
ROCCABS 0.12 0.13 0.15 0.14 0.34*
* significant result (P<0.05), ** highly significant result (P<0.001).
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(i.e. the mPFC and the precuneus, alongside the pos‑
terior part of the cingulate gyrus), as described by 
Raichle and colleagues (2001). In addition, the analysis 
revealed lateral clusters with a negative correlation 
between the GLM model and the acquired BOLD signal 
changes (Fig. 5, cold colors). The lateral cluster con‑
sisted predominantly of bilateral rolandic operculi, 
postcentral gyri and temporal gyri. 
The result of the analysis where OCCABS was imple‑
mented in GLM showed very similar results in terms 
of anatomical locations but with some important dif‑
ferences. The occipital cluster as well as both lateral 
clusters covered larger areas and reached higher ab‑
solute values of t‑statistics. The revealed frontal clus‑
ter was much smaller and the parieto‑medial cluster 
was not present at all. A new fronto‑medial cluster 
was detected, comprising the middle part of the cin‑
gulate gyri. 
Detailed information on the brain regions present‑
ed in Fig. 5 are specified in supplementary Table SI. 
The results obtained for the remaining source channels 
(mPFCABS, LAGABS, RAGABS, LOCCABS and ROCCABS) are pro‑
Fig. 3. Main effect of the ANOVA with repeated measurments analysis of beamformer source localization. The first row presents the clusters of significance 
(red cluster: P<0.01, orange cluster: P<0.05), the second row shows the the EEG sources found by beamformer for PCCABS and the third row presents the 
result obtained for OCCABS. 
Fig. 4. ANOVA post‑hoc analysis: PCCABS vs. OCCABS. The first row shows the cluster of significance (P<0.05), the second row shows F‑values and the third row 
the percentage difference between source channels.
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vided in supplementary materials (Fig. S4 to Fig. S8). As 
mentioned in methods section, the fMRI results required 
additional verification as we used a non‑orthogonal con‑
trast. The analysis performed with the use of randomly 
assigned ABS vectors did not reveal activations in the 
abovementioned regions of interest recognized as the 
DMN (supplementary Fig. S9). 
Finally, we directly compared the PCCABS with OCCABS 
conditions using a paired t‑test analysis without intro‑
ducing any other factors to the GLM analysis (Fig. 7, 
Table SIII, P<0.05 AlphaSim corrected for multiple 
comparisons, after passing an uncorrected threshold 
of P=0.005). This analysis showed that PCCABS was less 
related to BOLD activity within the occipital lobe than 
OCCABS, especially in bilateral calcarine fissures, lingual 
gyri, occipital gyri, fusiform gyri and cuneus. This out‑
come was congruent with findings of the beamformer 
analysis (Fig. 4).
DISCUSSION
The present study revealed two subsystems as pos‑
sible sources of ABS activity: first, related to the mPFC 
and precuneus/posterior cingulate gyrus, regions typ‑
ically reported as nodes of the DMN, and the second, 
associated with the OCC – a part of the thalamo‑cor‑
tical circuit. The latter circuit was postulated earlier 
as a foundation of the alpha rhythm (Ben‑Simon et al. 
2008, Contreras and Steriade 1997, DiFrancesco et al. 
2008, Feige et al. 2005, Laufs et al. 2003, Lopes da Sil‑
va et al. 1973, Lopes Da Silva and Storm Van Leeuwen 
1977, Moruzzi and Magoun 1949, de Munck et al. 2007, 
Sadaghiani et al. 2010, Steriade et al. 1993). Our results 
support the concept that the DMN may be an addition‑
al or an alternative neuronal correlate of alpha fre‑
quency activity, as proposed in several earlier studies 
(Ben‑Simon et al. 2008, Mantini et al. 2007, Mo et al. 
2013, Scheeringa et al. 2012). Here we show that the 
two neural subsystems of alpha activity, although hav‑
ing identical individual alpha frequency differ in (i) 
Fig. 5. Group results of the GLM analysis of fMRI data for PCCABS (contrast 
PCCABS vs. eyes‑closed state). The yellow and blue regions represent posi‑
tive and negative effects respectively. All positive and negative effects were 
significant after AlphaSim cluster‑level correction for multiple compari‑
sons (P<0.05) after passing an uncorrected threshold of P=0.001.
Fig. 6. Group results of the GLM analysis of fMRI data for OCCABS (contrast 
OCCABS vs. eyes‑closed state). The yellow and blue regions represent pos‑
itive and negative effects, respectively. All positive and negative effects 
were significant after AlphaSim cluster‑level correction for multiple com‑
parisons (P<0.05) after passing an uncorrected threshold of P=0.001.
Fig. 7. Group results of the GLM analysis of fMRI data for a paired t‑test 
comparison between PCCABS and OCCABS. The yellow and blue regions rep‑
resent a  positive and a  negative difference, respectively. They were sig‑
nificant after AlphaSim cluster‑level correction for multiple comparisons 
(P<0.05) after passing an uncorrected threshold of P=0.005.
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temporal distribution of ABS events (Table II, Fig. 2), 
(ii) their estimated EEG sources (Figs 3 and 4), and (iii) 
BOLD signal correlates (Figs 5, 6 and 7).
The relationship between ABS activity 
and the DMN
When we compared the number of the detected 
events per source channel we noted that there were 
more ABS detected for the DMN than the occipital 
source channels. The PCCABS detection rate was small‑
er than for any other DMN source channel (and still 
higher than for any of the occipital source channels) 
but the difference failed to reach significance. Addi‑
tionally, the detection rate at PCCABS was not correlat‑
ed with any other source channel, except for mPFCABS 
where the correlation was, however, weak (r=0.22). 
This might be explained either by the fact that the 
PCC source channel is less related to the ABS origin 
or that ABS detection performed over this channel is 
more selective for the activity of DMN (or the poten‑
tial DMN alpha subsystem) than of any other studied 
region. The second explanation is supported by many 
studies indicating that PCC plays a pivotal role in DMN 
(Fransson and Marrelec 2008, Greicius et al. 2003, Gre‑
icius 2008, Raichle et al. 2001). This hypothesis is also 
reinforced by the fact that the post‑hoc analysis of the 
beamformer source localization indicated the main 
difference in potential EEG sources between PCCABS 
and OCCABS in occipital lobe. Moreover, the increased 
BOLD signal change in the parieto‑medial cluster was 
only present when PCCABS was used as a covariate in 
the GLM model. 
Alpha rhythm and the DMN
A tentative relationship between the resting state al‑
pha rhythm and the DMN has been postulated in previ‑
ous EEG‑fMRI studies (Ben‑Simon et al. 2008, Bonnard et 
al. 2016, Knyazev et al. 2011, Mantini et al. 2007, Mo et 
al. 2013, Scheeringa et al. 2012). Mantini and colleagues 
(2007) was the first to indicate that the EEG alpha rhythm 
may be associated with resting state fMRI networks. 
The authors correlated six BOLD time courses of rest‑
ing state networks with waveforms obtained from EEG 
spectrograms, convolved with the canonical HRF of ba‑
sic brain rhythms (delta, theta, alpha, beta, and gamma). 
The recorded alpha rhythm appeared to be positively 
correlated with activity of the DMN and negatively with 
BOLD fluctuations in the dorsal attention network and 
the visual cortex. The DMN activity was also positively 
correlated with beta band fluctuations, which suggested 
that the EEG correlates of the DMN are not limited solely 
to the alpha band. At the same time, Ben‑Simon and col‑
leagues (2008) proposed two distinct sources of alpha ac‑
tivity and found that only one of them, called the “spon‑
taneous” subsystem, was correlated with BOLD changes 
in the DMN. These data were confirmed by the Scheerin‑
ga and colleagues (2012), who also reported positive cor‑
relation between alpha power and BOLD signal in DMN 
regions, as well as negative correlation between alpha 
power and BOLD signal in the occipital cortex.
Mo and colleagues (2013) investigated the relation‑
ship between alpha and DMN activity in two separate 
conditions (eyes‑open and eyes‑closed) and found pos‑
itive correlations only for the eyes‑open condition. 
This outcome contradicts the results of the Mantini 
et al. (2007) who reported a correlation between alpha 
rhythm and DMN during the eyes‑closed condition. 
This discrepancy might derive from the different an‑
alytical approaches; Mo et al. (2013) and Mantini et al. 
(2007) performed model‑ and data‑driven analyses, re‑
spectively. Also, Mo and colleagues (2013) performed 
alpha rhythm detection selectively over occipital elec‑
trodes (O1, O2 and Oz) in a 500 ms short‑time Fouri‑
er transformation (STFT) window, whereas the Manti‑
ni and colleagues (2007) used alpha power calculated 
from global field power (computed over all channels) in 
a longer, 1200 ms, STFT window. 
The relationship between alpha rhythm and the DMN 
was also suggested in a TMS experiment, where single 
pulse stimulation was applied to the mPFC (Bonnard 
et al. 2016) and compared with stimulation positioned 
over a hub of the Dorsal Attention Network, the superi‑
or parietal lobule (SPL). The study showed that stimula‑
tion of the frontal region resulted in higher and longer 
lasting alpha rhythm synchronization over the occipital 
lobe than observed following the SPL stimulation. The 
authors argued that this observation suggested a strong 
coupling between DMN and occipital alpha rhythm. This 
interpretation is, however, limited by the fact that the 
evoked alpha rhythm might have derived from the oc‑
cipital cortex, medio‑parietal brain regions or both.
This short literature review indicates that a rela‑
tionship between neuronal correlates of alpha rhythm 
and DMN is plausible. Our study shows that this associ‑
ation can be particularly strong for the PCCABS activity. 
However, the computation of particular alpha rhythm 
differs in the mentioned papers. Ben‑Simon and col‑
leagues (2008) introduced a confounding covariate to 
the GLM representing the eyes‑open/eyes‑closed con‑
ditions. Their procedure separated alpha fluctuations 
correlated with this paradigm. The remaining alpha 
rhythm (paradigm‑independent) was termed “sponta‑
neous alpha rhythm” but the correspondence between 
the artificially created regressor and the EEG recording 
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was not examined. Scheeringa and colleagues (2012) 
distinguished the two alpha rhythms (compare Fig. 4 in 
their work) solely on the basis of a median amplitude 
criterion, which could fluctuate (Bazanova and Vernon, 
2014). Here we showed that the neuronal correlates of 
PCCABS are placed in the DMN regions (the medial pre‑
frontal cortex and the precuneus/PCC) and the OCC 
(Fig. 5). We found also that the occipital cortex was 
much less relat ed to ABS generation when observed on 
PCC than on OCC regional source (Fig. 4, Fig. 7) indicat‑
ing the PCC as more involved in the DMN alpha than the 
occipital alpha.
Our hypothesis is similar to a postulated relation‑
ship between alpha activity, self‑referential think‑
ing, and the DMN. In their resting state EEG study 
Knayazev and colleagues (2011) showed that the alpha 
band component that was most significantly correlat‑
ed with self‑referential thoughts had a spatial distri‑
bution resembling the posterior hub of the DMN en‑
compassing the posterior parietal cortex, occipito‑pa‑
rietal junction, posterior cingulate, and precuneus. 
Other fMRI studies have also demonstrated that brain 
networks involved in self‑referential thinking resem‑
ble the DMN (Gusnard and Raichle 2001, Whitfield‑Ga‑
brieli et al. 2011). 
Alpha rhythm and the thalamo‑occipital circuit
Both applied methods, the beamformer EEG signal 
analysis and fMRI GLM analysis revealed an occipital 
cluster as related to the ABS activity. The regions en‑
compassed by the occipital cluster have been linked 
to alpha rhythm generation in several previous stud‑
ies. Schreckenberger and colleagues (2004) used si‑
multaneous EEG‑PET imaging to show that increased 
glucose consumption in the occipital lobes correlated 
with an increased alpha rhythm amplitude. Further‑
more, many EEG‑fMRI studies that used both an al‑
ternating eyes‑open / eyes‑closed paradigm (Ben‑Si‑
mon et al. 2008, 2013, Feige et al. 2005, Liu 2012) and 
a resting state with eyes‑closed experiment (DiFran‑
cesco et al. 2008, Goldman et al. 2002, Laufs et al. 2003, 
Moosmann et al. 2003, de Munck et al. 2007, Scheerin‑
ga et al. 2012, Tyvaert et al. 2008) demonstrated cor‑
relations between the occipital BOLD signal and alpha 
rhythm amplitude. 
Basic knowledge derived from intracranial animal 
studies (Contreras and Steriade 1997, Lopes da Silva et 
al. 1973, Lopes Da Silva and Storm Van Leeuwen, 1977, 
Moruzzi and Magoun, 1949 Steriade et al. 1993) estab‑
lished the hypothesis that the alpha rhythm is elicited 
in the visual (occipital) cortex and the visual thalamus 
during resting state. This phenomenon could mirror 
the relationship between alpha rhythm generated in 
the thalamo‑occipital circuity and hemodynamic activ‑
ity, as a reflection of parallel metabolic changes in hu‑
man studies. Our analysis of fMRI data did not reveal 
any group‑averaged ABS activity in the thalamus (for 
no source channel). In this respect it is worth mention‑
ing that De Munck and colleagues (2007) demonstrated 
that the HRF in the thalamus is different to cortical HRF; 
thus, distinct fMRI modeling should be applied for both 
regions. We used such an approach in our previous work 
(Rusiniak et al. 2015) and found considerable inter‑sub‑
ject variability in terms of the ABS activity in the thal‑
amus. We cannot exclude the possibility that the thala‑
mus may be involved in the generation of both “types” 
of alpha rhythms; it is possible that the ABS‑based BOLD 
regressor could not detect the complex thalamus activ‑
ity. Moreover, we could not perform ABS detection for 
any potential thalamus source channel since deep brain 
structures are not monitorable by the EEG technique. 
Relatedly, Scheeringa and colleagues (2012) showed that 
the high and low power alpha differ, with only the latter 
demonstrating strong functional connectivity between 
the thalamus and the visual cortex. 
The interpretation of fMRI contrast which compared 
eyes‑closed condition with ABS vectors for PCC (Fig. 5) 
and OCC (Fig. 6) should be taken with caution especially 
in terms of the sign of correlation. The occipital cluster 
activation revealed by the GLM analysis using ABS vec‑
tors for PCC and OCC was influenced by both: paradigm 
timing and ABS regressor. The change of BOLD signal in 
occipital cluster may result from outflow of oxygenated 
blood due to lack of visual stimulation and/or increased 
alpha activity (Fig. S10). The fMRI contrast (ABS vs. 
eyes‑closed) indicated that the BOLD signal was higher 
during ABS than during eyes‑closed periods in regions 
marked by positive values. This positive sign, however, 
did not imply that ABS related brain activity was reflect‑
ed by BOLD signal increase in a given region, and it was 
not aimed by this analysis. The above concern does not 
apply to direct comparison of PCCABS and OCCABS (Fig. 7), 
which indicated that activation of occipital cortex was 
less related to ABS in PCC than in OCC regional source. 
Interestingly, the beamformer analysis (Figs 3 and 4) 
although not contaminated by visual input during 
eyes‑open did indicate that PCCABS and OCCABS were re‑
lated to sources located in the occipital cluster. Note, 
however, that in line with fMRI results bemformer re‑
vealed that parieto‑medial region was only active for 
ABS detected using PCC source channel (PCCABS; clus‑
ter of significance indicated in top row of Fig. 4). The 
presented discrepancy in brain active regions between 
PCCABS and OCCABS fMRI indicated results (Fig. 7) and 
bemformer results (Fig. 4) suggest two different mech‑
anisms of elicitation of alpha rhythm.
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Two components of the resting state alpha 
rhythm: DMN alpha and occipital alpha
We posit that the resting state alpha rhythm (Berg‑
er rhythm) consists of two different but co‑occurring 
phenomena: the occipital alpha rhythm supported by 
the thalamo‑occipital circuit and the DMN alpha relat‑
ed to the activity in brain regions typically described 
as the DMN hubs. We furthermore argue that there is 
a relationship between the DMN alpha activity driven 
by PCCABS and the “spontaneous alpha rhythm” de‑
scribed by Ben‑Simon and colleagues (2008) or “high 
(power) alpha,” as termed by the Scheeringa and col‑
leagues (2012). In both these works the selected alpha 
rhythm correlated with activity in the medial pre‑
frontal cortices and precuneus, which matched our 
EEG results (Fig. 4) and fMRI data (Fig. 5). At the same 
time, we propose that the occipital alpha driven by 
OCCABS reflects the “induced alpha rhythm” (Ben‑Si‑
mon et al. 2008) or the “low‑amplitude alpha” activi‑
ty (Scheeringa et al. 2012). This type of alpha rhythm 
has a clear source in the occipital area and probably 
reflects oscillations identified in many other studies 
as the alpha rhythm associated with the thalamo‑oc‑
cipital circuit (Contreras and Steriade 1997, DiFran‑
cesco et al. 2008, Feige et al. 2005, Goldman et al. 2002, 
Lopes da Silva et al. 1973, Lopes Da Silva and Storm 
Van Leeuwen 1977, Moosmann et al. 2003, Moruzzi 
and Magoun, 1949, de Munck et al. 2007, Sadaghiani 
et al. 2010, Steriade et al. 1993). One potential reason 
why the regions found here as related to the DMN al‑
pha (the parieto‑medial and frontal cluster) have not 
been observed in previous works, is that the DMN al‑
pha is of much smaller power than the occipital alpha 
rhythm (Fig. 4) and partially co‑exists with the latter 
in the spatio‑temporal domain. This might be the rea‑
son why the typical FFT or STFT approaches, used in 
a number of studies (quoted in this manuscript), have 
failed to differentiate these phenomena. Applying 
ABS detection over source channel montage allows to 
separate these two alpha modes and the underlying 
neural systems.
The ABS detection algorithm
The two most common approaches to the analysis of 
temporal changes of continuous EEG signals in the liter‑
ature are STFT (Allen 1977) and microstates classifica‑
tion (Britz et al. 2010, Musso et al. 2010). Both have been 
used for alpha rhythm investigation with simultaneous 
EEG‑fMRI registration (Mantini et al. 2007, Musso et al. 
2010, Liu 2012) but both have also serious shortcomings 
to be used for ABS detection. 
The STFT is commonly computed on short (1−2 s) 
consecutive periods of the signal and therefore consid‑
erably reduces temporal resolution of EEG. In gener‑
al, this resolution is still sufficient with respect to the 
temporal resolution of fMRI. As ABS can occur within 
extremely short intervals the precise determination 
of their onsets and the interval between them im‑
pact the final shape of the predicted response during 
fMRI analysis (Miezin et al. 2000) and EEG source lo‑
calization. The increased alpha frequency power was 
observed solely during the eyes‑closed condition sim‑
ilarly: within single subject and at the group level 
(Fig. S10). The fMRI analysis did not allow to differ‑
entiate spontaneous brain activity related to alpha 
rhythm generation from activity induced by visual in‑
put because of its limited temporal resolution (~2s). In 
this work we present a new analytical approach based 
on individual alpha burst waveform and performed in 
time domain that allows to investigate dynamics of 
ABS activity with a millisecond precision. STFT can‑
not, however, differentiate possible brain subsystems 
related to alpha activity as they can share the same 
frequency. Such differentiation can be addressed by 
considering other aspects of alpha rhythm, including 
the spindle‑form segmental organization (Bazanova 
and Vernon 2014, Timofeev et al. 2002) which can in‑
dependently detect ABS activity. 
In comparison to STFT, the microstates analysis 
provides much better temporal resolution (~150 ms) 
but it is mainly focused on the spatial distribution of 
the signal in the form of quasi‑stable spectral scalp 
distributions (“classes”). Although the Berger effect is 
well‑described in terms of scalp distribution, its iden‑
tification without the frequency characteristic might 
provide biased results.
We developed an ABS detection algorithm in order 
to overcome the aforementioned limitations. Following 
recent publications (Bazanova and Vernon 2014, Ben‑Si‑
mon et al. 2013), we propose that an ABS‑based approach 
alongside FFT analysis might provide additional infor‑
mation on the Berger effect. 
General methodological remarks
A significant advantage of our study is the large 
(n=36) and homogenous (young males) subject pool. 
This group was selected due to previous reports 
demonstrating significant sex and age differences 
with respect to alpha rhythm parameters (Chiang et 
al. 2011). At the same time, we acknowledge that the 
homogeneity of our experimental group implies that 
the conclusions cannot be extrapolated to the general 
population. 
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In keeping with other research (Ben‑Simon et al. 
2008, 2013, Feige et al. 2005, Liu 2012), we decided to 
use a block paradigm with subjects alternately closing 
and opening their eyes (the classical “Berger experi‑
ment”). Other researchers have used the eyes‑closed 
condition across the entire EEG session (a “resting 
state experiment” (DiFrancesco et al. 2008, Goldman et 
al. 2002, Laufs et al. 2003, Mantini et al. 2007, Moos‑
mann et al. 2003, de Munck et al. 2007, Mantini et al. 
2007, Scheeringa et al. 2012, Tyvaert et al. 2008). The 
latter paradigm prevents BOLD signal variation due to 
visual stimulation but precludes comparisons of the 
results with experiments searching for neuronal mech‑
anisms underlying the Berger effect (Berger 1929). 
The Berger rhythm has traditionally been recorded 
during eyes‑closed states, whereas the DMN has been 
measured in fMRI experiments in both eyes‑closed 
and eyes‑open conditions (Zou et al. 2009). Only mi‑
nor differences have been shown between the latter 
two conditions, probably due to the fact that no visu‑
al stimulation was used and participants were looking 
at a black screen in MRI goggles (Greicius et al. 2003). 
We observed both ABS and brain activity resembling 
DMN activity during eyes‑open and eyes‑closed states 
but they were significantly more pronounced in the 
eyes‑closed condition (Fig. 2, Fig. 7). It is worth not‑
ing that the DMN can co‑exist with simple tasks (e.g. 
eyes‑closed / eyes‑open) as has been proved by the Fair 
(2007) and Greicius (2003).
Our EEG analysis revealed LAGABS and RAGABS as having 
the highest detection rate from among all the analysed 
source channels. Nevertheless, our fMRI results showed 
no activity around these regions. These regions have 
been proposed as only additional (Raichle et al. 2001) or 
non‑essential DMN nodes (Allen et al. 2011). We believe 
that the potential reason for detecting alpha activity in 
angular gyri is that the ABS detection algorithm per‑
formed over these source channels detected common 
events related to both the DMN alpha and the occipital 
alpha. This assumption was partially confirmed by the 
additional post‑hoc analysis of the beamformer out‑
comes showing that the PCCABS differs significantly from 
LAGABS and RAGABS only in the left‑hemisphere occipital 
cortex (although the size of the significant cluster was 
very small) (Fig. S2 and Fig. S3). 
Furthermore, using the mPFCABS as a GLM regressor 
provided very similar outcomes when compared to the 
OCCABS (Fig. 6), LAGABS (Fig. S5), the RAGABS (Fig. S6) and the 
PCCABS regressors. The frontal cluster was present in all 
the results, but the activation was most sizeable when 
based on the PCCABS (Table SI and Table SII). Therefore, 
we are unable to unambiguously assign the revealed 
frontal cluster to only one alpha rhythm (occipital or 
DMN). However, due to the fact that frontal cluster is 
present in all fMRI results (Figs 5, 6 and Figs S4‑S8) and 
the PCCABS was found weakly correlated with mPFCABS 
(Table II) but not correlated with any other results we 
suggest that the frontal cluster is related mainly to the 
DMN alpha substystem. In addition, results of a number 
of other experiments (i.e., Greicius, 2008, Raichle et al. 
2001) have indicated strong connections between the 
parieto‑medial and the frontal clusters. 
To conclude we posit that the resting state alpha 
rhythm should be considered as a complex activi‑
ty consisting of two components: the occipital alpha 
rhythm and the more subtle DMN alpha rhythm. In 
conjunction with existing physiological data, our re‑
sults suggest that the neuronal correlates of the DMN 
alpha rhythm might be located in two main nodes of 
DMN: the medio‑parietal (PCC and precueneus) and the 
frontal (mPFC), whereas the occipital alpha rhythm in 
the thalamo‑occipital circuit. 
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SUPPLEMENTARY MATERIALS 
Fig. S1. EEG Montage of Default Mode Network with noise sources. The source channel positions are represented by color diamonds. The source channels 
used for ABS computation are indicated by black circles; the Talairach coordinates are shown in the adjacent table.
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Fig. S3. ANOVA post‑hoc analysis: PCCABS vs. RAGABS. The first row shows the cluster of significance (P<0.05, the second row shows F‑values and the third 
row the percentage difference between source channels.
Fig. S2. ANOVA Post‑hoc analysis: PCCABS vs. LAGABS. The first row shows the cluster of significance (P<0.05, the second row shows F‑values and the third 
row the percentage difference between source channels.
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Table SI. fMRI results for PCCABS (as shown in Fig. 5).
Cluster Cluster size [cm3] Main AAL* region
Talairach coordinates Max 
t‑value
Area size 
[cm3]X Y Z
po
si
tiv
e 
t‑
va
lu
es
frontal 6.40
left superior frontal gyrus ‑12 40 45 4.3 4.65
right superior frontal gyrus 15 47 ‑2 4.6 1.16
parieto‑medial 1.50
cingulate gyrus, posterior ‑9 ‑49 32 4.4 0.53
precuneus ‑10 ‑50 31 4.4 0.70
occipital 43.31
left calcarine fissure ‑18 ‑96 1 7.0 3.20
right calcarine fissure 12 ‑92 4 6.4 2.94
cuneus 16 ‑95 19 6.2 1.42
left lingual gyrus ‑18 ‑85 ‑3 6.9 2.92
right lingual gyrus 8 ‑88 0 6.2 3.60
left occipital gyrus ‑18 ‑94 ‑1 7.1 17.14
right occipital gyrus 18 ‑95 20 6.2 4.90
left fusiform gyrus ‑20 ‑85 ‑3 6.9 1.06
right fusiform gyrus 27 ‑84 3 4.4 0.45
ne
ga
tiv
e 
t‑
va
lu
es
lateral
le
ft 10.33
left rolandic operculum ‑57 ‑1 8 ‑5.2 2.49
left postcentral gyrus ‑59 ‑9 13 ‑4.5 2.07
left insula ‑46 ‑5 ‑1 ‑4.3 0.90
left temporal gyrus ‑62 ‑10 7 ‑5.6 3.78
ri
gh
t
3.06
right rolandic operculum ‑61 5 4 ‑4.5 0.68
right temporal gyrus 61 1 1 ‑5.1 2.18
* The merged AAL (Automated Anatomical Labeling) was used, as introduced by PMOD (http://doc.pmod.com/pneuro/6750.htm), with additional small structures joined 
(as compared to MNI‑AAL in: Tzourio‑Mazoyer et al. 2002). Medial structures, including the cingulate gyrus, precuneus and cuneus were presented regardless of hemisphere.
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Table SII. fMRI results for OCCABS (as shown in Fig. 6).
Cluster Cluster size [cm3] Main AAL* region
Talairach coordinates Max 
z‑score
Area size 
[cm3]X Y Z
po
si
tiv
e 
t‑
va
lu
es
occipital 56.43
left calcarine fissure ‑18 ‑94 2 9.9 4.86
right calcarine fissure 18 ‑92 9 8.7 3.84
cuneus 16 ‑94 11 8.3 1.57
left lingual gyrus ‑15 ‑89 4 8.3 4.17
right lingual gyrus 20 ‑94 ‑1 7.7 5.09
left occipital gyrus ‑18 ‑93 3 9.9 18.19
right occipital gyrus 19 ‑92 10 8.7 10.28
left fusiform gyrus ‑18 ‑85 ‑2 7.3 2.15
right fusiform gyrus 26 ‑84 ‑6 5.7 1.39
cerebellum 22 ‑85 ‑12 6.2 2.14
frontal 3.26 left superior frontal gyrus ‑14 62 16 4.9 3.20
ne
ga
tiv
e 
t‑
va
lu
es
fronto‑medial 2.60 cingulate gyrus, middle part 4 3 38 5.8 2.26
lateral
le
ft 21.69
left rolandic operculum ‑55 ‑2 7 6.4 4.14
left precentral gyrus ‑54 1 19 5.7 1.24
left postcentral gyrus ‑51 ‑19 16 5.8 4.01
left insula ‑46 3 ‑3 4.9 2.04
left temporal gyrus ‑53 ‑7 5 6.5 6.39
left supramarginal gyrus ‑51 ‑22 15 5.8 1.49
left Heshl gyrus ‑52 ‑10 8 5.7 1.24
ri
gh
t
1.34
right Rolandic operculum 61 0 10 6.1 2.80
right postcentral gyrus 65 ‑8 14 5.9 1.50
right temporal gyrus 61 ‑1 3 5.9 3.70
right Heshl gyrus 61 ‑1 6 5.7 0.70
* The merged AAL (Automated Anatomical Labeling) was used, as introduced by PMOD (http://doc.pmod.com/pneuro/6750.htm), with additional small structures joined 
(as compared to MNI‑AAL in: Tzourio‑Mazoyer et al. 2002). Medial structures, including the cingulate gyrus, precuneus and cuneus were presented regardless of hemisphere.
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Table SIII. Paired t‑test fMRI analysis of PCCABS vs. OCCABS (as shown in Fig. 7).
Cluster Cluster size [cm3] Main AAL* region
Talairach coordinates Max 
z‑score
Area size 
[cm3]X Y Z
po
si
tiv
e 
t‑
va
lu
es
lateral
le
ft 4.41
left postcentral gyrus ‑53 0 18 4.3 1.00
left temporal gyrus ‑63 ‑23 17 4.6 1.36
left supramarginal gyrus ‑64 ‑21 19 4.7 1.85
ri
gh
t
4.36
right Rolandic operculum 61 ‑2 8 3.7 1.05
right supramarginal gyrus 65 ‑15 22 4.1 0.97
right temporal gyrus 53 ‑14 7 4.0 1.79
right Heshl gyrus 51 ‑13 8 3.7 0.54
ne
ga
tiv
e 
t‑
va
lu
es
occipital 22.92
left calcarine fissure 2 ‑94 1 3.6 3.96
right calcarine fissure 9 ‑63 6 3.4 2.06
cuneus 16 ‑95 19 3.3 1.12
left lingual gyrus ‑14 ‑77 0 3.6 3.38
right lingual gyrus 18 ‑85 ‑7 3.5 2.31
left occipital gyrus ‑29 ‑95 13 3.5 3.88
light occipital gyrus 14 ‑95 20 3.3 0.67
reft fusiform gyrus ‑29 ‑75 ‑11 3.5 1.21
right fusiform gyrus 34 ‑62 ‑11 3.4 2.50
cerebellum ‑14 ‑38 ‑41 3.6 0.54
* The merged AAL (Automated Anatomical Labeling) was used, as introduced by PMOD (http://doc.pmod.com/pneuro/6750.htm), with additional small structures joined 
(as compared to MNI‑AAL in: Tzourio‑Mazoyer et al. 2002). Medial structures, including the cingulate gyrus, precuneus and cuneus were presented regardless of hemisphere.
Fig. S4. Group results of the GLM analysis of fMRI data for mPFCABS (con‑
trast mPFCABS vs. eyes‑closed state). The yellow and blue areas represent 
positive and negative effects, respectively. All results were significant after 
AlphaSim cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.001.
Fig.  S5. Group results of the GLM analysis of fMRI data for LAGABS (con‑
trast LAGABS vs. eyes‑closed state). The yellow and blue regions represent 
positive and negative effects, respectively. All results were significant after 
AlphaSim cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.001.
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Fig. S6. Group results of the GLM analysis of fMRI data for RAGABS (con‑
trast RAGABS vs. eyes‑closed state). The yellow and blue regions represent 
positive and negative effects, respectively. All results were significant after 
AlphaSim cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.001.
Fig. S7. Group results of the GLM analysis of fMRI data for LOCCABS (con‑
trast LOCCABS vs. eyes‑closed state). The yellow and blue regions represent 
positive and negative effects, respectively. All results were significant after 
AlphaSim cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.001.
Fig. S8. Group results of the GLM analysis of fMRI data for ROCCABS (con‑
trast ROCCABS vs. eyes‑closed state). The yellow and blue regions represent 
positive and negative effects, respectively. All results were significant after 
AlphaSim cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.001.
Fig.  S9. Group results of the GLM analysis of fMRI data for PCCABS (con‑
trast PCCABS vs. eyes‑closed state). The ABS event vectors were randomly 
assigned to subject (see description in text). The yellow and blue regions 
represent positive and negative effects, respectively. All results were signif‑
icant after cluster‑level correction for multiple comparisons (P<0.05) after 
passing an uncorrected threshold of P=0.005.
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Fig. S10. Short‑time Fourier transformation (STFT) of EEG data for single subject (top row) and group average (bottom row). First column: the sTFT analysis 
results for PCC regional source; Second column: the STFT analysis results for averaged occipital regional sources: LOCC and ROCC (OCC). The time when 
eyes should remain closed is indicated with brown color lines. STFT was performed in 2s bin windows. 
